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Abstract 
 
Dry adhesives with mushroom-shaped microstructures, inspired by structures on feet of gecko lizard, 
have been used in various fields such as climbing robotics, precision transportation, and clean 
manufacturing due to their unique adhesion property originated from van der Waals force under 
conformal contact. The dry adhesive microstructures are usually composed of elastomers with fixed 
Young’s modulus such as polydimethylsiloxane (PDMS) or polyurethane. However, the dry adhesives 
microstructures in previous studies cannot conformally contact to surfaces with micro-scale roughness. 
Although dry adhesives comprised of the elastomers having relatively low Young’s modulus were 
previously suggested to overcome the limitation, problems still remained unsolved as it is hard to exploit 
elastomers with low elastic modulus for adhesive microstructures due to their low structural stability 
and weak adhesion. 
To this end, we propose the mushroom-shaped microstructure comprised of the shape-
reconfigurable polymer as a breakthrough to dramatically enhance the adhesion onto rough surfaces. 
The elastic modulus of the shape-reconfigurable polymer can be actively tuned by external stimuli such 
as heat, electricity, light, and water. Under the appropriate stimuli, the elastic modulus of the shape-
reconfigurable polymers can be decreased, then the adhesive microstructure made of the shape memory 
polymer can conformally contact to rough surfaces, as in the case of elastomers with low modulus 
(adaptation). After that, the elastic modulus of the shape-reconfigurable polymers can be recovered to 
their original state by eliminating the stimuli for enhanced adhesion (fixation). Moreover, the shape-
reconfigurable polymers enable reversible use of dry adhesive microstructures even after severe 
deformation, due to their shape recovery property.  
The first part covered in this thesis is the background to set a blend of elastic polyurethane acrylate 
(e-PUA) and polycaprolactone (PCL) as a new material for dry adhesive microstructures. The material 
properties and advantages of the e-PUA/PCL blend were introduced. 
The second part of the research is the experimental observations and measurements. The paper and 
line pattern substrates are set as surfaces for adhesion, as representatives of an irregular surface and a 
regular surface, respectively. The adhesion enhancement procedures including adaptation and fixation 
are experimentally observed using scanning electron microscopy (SEM) and optical microscopy (OM). 
The elastic moduli of the e-PUA/PCL blend with various mixing ratios were measured and the optimal 
ratio for the adhesion enhancement was defined. 
The thirdly covered part is about the theoretical investigation of the adhesion enhancement 
mechanism. The analyses were conducted under the hypothesis, which is a difference in the contact 
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area between adapted and non-adapted states causes dissimilarity in adhesion. To validate this 
hypothesis, theoretical adhesion force was calculated with a formula of the Johnson-Kendall-Roberts 
(JKR) adhesion model. In addition, finite element analysis (FEA) was carried out to calculate the contact 
area between the mushroom-shaped microstructures and the substrates. Using these results, a relation 
formula between the adhesion strengths and Young’s modulus was defined. The theoretical values of 
adhesion were compared to the experimental measurements to validate the reliability of the analyses. 
In total, the adhesion enhancement utilizing mushroom-shaped microstructures made of the shape-
reconfigurable polymer was experimentally demonstrated and its mechanism was theoretically analyzed 
in this thesis. It was shown that the adhesive microstructures comprised of the shape-reconfigurable 
polymer could enhance adhesion with maximization of contact area and recovery of high Young’s 
modulus due to the elastic modulus-tunable property. 
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1. Introduction 
1.1 Previous researches 
1.1.1 Limitations of previous bio-inspired adhesives 
In nature, gecko lizards [1-5] and some species of beetles like Gastrophysa viridula [6-9] have 
fascinating ability to walk and climb on the wall or rough surfaces like plant leaves. The secret of the 
ability was the micro-scaled structures that look like minute hair shrouding at the feet of gecko lizard 
[1-5] and beetles as shown in figure 1 and figure 2 [6-10]. The microstructures similar to spatula can 
stick to some substrates by van der Waals force [1-5, 11], which is an interactive force between 
molecules that occurred by dipoles which means a molecule has an electric field due to uneven 
distribution of positive and negative charges in atoms [12].  
 
 
Figure 1 The hierarchical adhesive structures of Gekko gecko. A toe of gecko contains hundreds of 
thousands of setae and each seta contains hundreds of spatulae. (a) and (b): scanning electron 
micrographs of rows of setae at different magnifications and (c): spatulae, the finest terminal branches 
of seta. ST: seta; SP: spatula; BR: branch [1]. 
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Figure 2 (a) Adhesive pad morphology of a male dock beetle G. viridula. (b) Three tarsal pads of the 
hind leg. (c)–(e) Adhesive hair morphologies, presented to the same scale: (c) spatula-tipped, (d) pointed 
and (e) discoidal. The color-coding indicates the distribution of seta types across the tarsal pads [6]. 
 
Inspired by the natural adhesive microstructures that maximize van der Waals force for high 
adhesion, a mushroom-shaped microstructure has been proposed in previous research. The mushroom-
shaped pillar has a strong pull-off strength because it has a rounded tip shape to avoid stress 
concentration [13-15]. 
 To investigate the adhesion mechanism of the adhesive microstructures, a flat punch and 
mushroom-shaped model were previously reported [16]. Based on the research, the mushroom-shaped 
microstructure with the optimal tip thickness has high adhesion strength whereas that with too thin or 
thick tip and the flat punch cannot adhere strongly due to the stress singularity. 
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Figure 3 The stress distribution in case of an (a) flat punch, and for a mushroom-shaped pillar for three 
different thicknesses of the plate: (b) thin, (c) medium (d) and thick. The presence of the plate eliminates 
the stress singularity of the flat punch at r ≈ R. The stress peak in the mushroom pillar at r ≈ R will 
gradually vanish as the plate thickness t is increased up to its optimal value (c) [16]. 
 
Meanwhile, the most commonly used material to fabricate the mushroom-shaped microstructure 
is polydimethylsiloxane (PDMS) [17-21] as PDMS has many advantages such as its easiness to 
manufacture, optical transparency, relatively cheap price, biocompatibility, flexibility, and no residue 
remaining [22-27]. However, the microstructures made of PDMS exhibit weak adhesion on rough 
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substrates such as skin, paper, and Al foil because the microstructures cannot have conformal contact 
as the elastic modulus of PDMS is too high [28-33]. This is because the non-conformal contact disturbs 
the sufficient work of van der Waals force. Therefore, new materials had been required to achieve 
adhesive for more complicated substrates. 
    As the biggest problem of PDMS is that it cannot follow the rough surface due to its high modulus, 
many researchers have been studied about elastomers with relatively lower Young’s modulus. The 
microstructures made of elastomer with low Young’s modulus is able to follow a rough surface better 
than those made of PDMS and maximize the contact area with a substrate. However, elastomers with 
low elastic modulus possess two other problems of structural instability and easy crack propagation as 
well. Besides, the material with low elastic modulus is difficult to use in the fabrication of 
microstructures. The tips of mushroom-shaped pillars are severely distorted when the elastic modulus 
is lower (~1.5 MPa) than normal PDMS with 10% of crosslinker concentration (~2.0 MPa) [34]. In 
addition, the unwanted crack propagation diminished the adhesion. Therefore, it can be noted that low 
Young’s modulus directly lessens the adhesion (figure 4) [34-36]. 
Based on the previous studies, it is confirmed that mushroom-shaped microstructures with low 
elastic modulus are advantageous in conformal contact to rough surfaces, whereas those with high 
elastic modulus have merits in preventing crack propagation. Therefore, the material with elastic 
modulus-tunability is a highly potential candidate to enhance the adhesion of the microstructures.  
 
 
Figure 4 Previous research on the adhesive microstructure made of low elastic modulus [34, 36]. 
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1.1.2 Shape-reconfigurable polymers as solutions 
As a solution for limitations of traditional elastomers explained above, a shape-reconfigurable 
polymer or shape memory polymer can be adopted because it is possible to alter its Young’s modulus 
by various stimuli [37]. The shape-reconfigurable polymers have several triggers such as water, light, 
heat, pH, and solvent as shown in figure 5. The features of shape-reconfigurable polymers such as large 
deformation inducing conformal contact, maintenance of deformed state lowering crack propagation 
before stimulated, and shape memory effect by the stimulus are presented in figure 6 [38].  
Tunable elastic modulus is important to enhance the adhesion because low Young’s modulus 
enables conformal contact and high modulus validates both structural stability and reducing crack 
propagation. Additionally, a shape memory effect of the shape-reconfigurable polymer enables the 
reversible use of a mushroom-shaped pillar as its shape can be recovered after the deformation.  
 
 
 
Figure 5 Four types of shape memory polymers possessing triggers such as water, light, heat and, pH 
[39-42]. 
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Figure 6 Scheme diagram of deformation and recovery process in the fold-deploy tests of DLP-printed 
SMPs. [38]. 
 
Figure 7 also shows an example of shape memory polymers responsive to heat [43], which is a 
blend of two independent materials styrene-butadiene-styrene tri-block copolymer (SBS) and 
polycaprolactone (PCL) unlike other shape memory polymers formed by chemical bonds. SBS is a 
common elastomer and PCL works as a switch to tune the material property of the blend with the aid 
of its low melting temperature. The blend becomes soft by applying heat to melt PCL then the blend 
can be easily deformed. At the deformed state, the blend maintains its deformed shape if it is cooled 
below the melting point of PCL. After that, the blend recovers its original shape by heating as SBS is 
an elastomer with recovering disposition.  
The shape-reconfigurable polymers enabling to tune their Young’s modulus with stimuli (figure 8) 
are appointed a strong candidate material for a mushroom-shaped pillar and the solution for limitations 
of conventional elastomers. The phenomenon that the mushroom-shaped pillar conformally contacts to 
surfaces by lowering Young’s modulus and becomes firm by recovering its modulus is called adaptation 
and fixation, respectively. These two procedures give the solution to overcome the limitations [44, 45]. 
With the reversible tuning of elastic modulus, the adhesion of the mushroom-shaped pillar can be 
considerably enhanced. In addition, the structural stability and shape recovery for reversible adhesion 
are also extra benefits of using the shape-reconfigurable polymers. 
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Figure 7 Schematic figures of the shape memory mechanism of elastomer/switch polymer blends 
concluded from SBS/PCL blend [43]. 
 
 
 
Figure 8 Experimental curves of engineering stress versus strain of SMP (left) and SMPC (right) [46]. 
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1.2 Research purpose and outline 
The purpose of this research is to propose the adhesion enhancement mechanism using shape-
reconfigurable polymer by experiments and theoretical analyses as a way of going beyond the 
limitations of existing adhesive microstructures such as low adhesion on rough surfaces and low 
structural stability. A detailed outline of the research to achieve the purpose is as follows: 
Firstly, experimental results to ascertain the adhesion enhancement mechanism of the mushroom-
shaped pillar composed of the shape-reconfigurable polymer will be suggested in chapter 2. The 
adhesion enhancement property will be substantiated by the scanning electron microscopy (SEM) 
exhibiting images of the mushroom-shaped pillars after the adaption and fixation. The shape recovery 
characteristic will be certified by the sequential optical microscopy (OM) displaying the real-time 
images of the shape recovery process by heat-stimulus. Variations of Young’s moduli with respect to 
heat and the mixture ratio of a blend of elastic polyurethane acrylate (e-PUA) and polycaprolactone 
(PCL) will be portrayed to discover the most appropriate ratio for the experiment. The difference in 
pull-off strength between adapted and non-adapted microstructures will be compared to each other at 
the end of chapter 2. 
Secondly, the theoretical background of adhesion will be proposed in chapter 3 to prepare the 
theoretical analysis of the adhesion enhancement mechanism of the mushroom-shaped pillar comprised 
of the shape-reconfigurable polymer. The formula of theoretical adhesion obtained by the Johnson-
Kendall-Roberts (JKR) model will be modified in a suitable form to apply to this study in chapter 3.  
Thirdly, the theoretical calculation of the pull-off strength with the finite element analysis (FEA) 
will be accomplished and compared to experimental results in chapter 4. The theoretical contact area 
between a single mushroom-shaped pillar and the substrates will be calculated by FEA as Young’s 
modulus changes and the correlation between the contact area and Young’s modulus will be found out. 
Subsequently, the theoretical pull-off strength will be calculated by using the modified formula of 
adhesion and the correlation between the contact area and Young’s modulus. The comparison of 
theoretical and experimental results will be conducted to verify the accuracy of theoretical analysis 
about the adhesion enhancement mechanism at the end of chapter 4.  
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2. Experimental result: Adhesion enhancement using e-PUA/PCL blend 
Among many shape memory polymers, we chose the blend of e-PUA and PCL to fabricate the 
mushroom-shaped pillar because it has low Young’s modulus (~0.6 MPa) when it is heated to ~70 °C 
for adaptation while it has high Young’s modulus (~210 MPa) when it is cooled for fixation. To verify 
these characteristics, the mushroom-shaped pillars made of the e-PUA/PCL blend were pressed to the 
paper and line pattern substrates then the results were observed using SEM (figure 9). The mushroom-
shaped pillars were largely and conformally deformed by pressing, which well demonstrates the 
adaptability of shape memory polymer. In addition, the fixation of shape memory polymer that can 
maintain its shape by raising Young’s modulus is well demonstrated in the figure as the pre-deformed 
shapes are preserved without bending of main pillars. Furthermore, the ability to recover original shape 
under heating, which is shape memory capability, was confirmed experimentally with the paper 
substrate and line pattern substrate, respectively (figure 10 and 11). The shape of the pillars was 
recovered quickly within 20 seconds by heating.  
 
 
 
Figure 9 SEM images of mushroom-shaped pillars made of the blend of e-PUA and PCL after adapted 
to two substrates (a) paper substrate and (b) line pattern substrate. 
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Figure 10 Real-time OM images describing the mushroom-shaped pillars recovering their shape from 
the deformed state after adapted to the paper substrate. It can be seen that recovery time is very fast 
(~20 s) after stimulated by heat. Scale bar is 40 μm. 
 
Figure 11 Real-time OM images describing the mushroom-shaped pillars recovering their shape from 
the deformed state after adapted to the line pattern substrate. It can be seen that recovery time is very 
fast (~20 s) after stimulated by heat. Scale bar is 40 μm. 
 
After the validation of the material properties of the e-PUA/PCL blend, the elastic moduli with the 
different mixing ratios of the blend were measured as shown in figure 12. The mixture ratios written in 
the legend indicate the weight of e-PUA to the weight of PCL. As the portion of e-PUA in the blend 
decreases, Young’s modulus increases without heat stimulus, whereas the modulus decreases with 
heating to 70 °C. This is because PCL alternating between solid and liquid has more influence on 
Young’s modulus than e-PUA with fixed Young’s modulus. From the experimental results, it is 
confirmed that the e-PUA/PCL blend with a mixture ratio of 1:1 is the most suitable blend to maximize 
the adhesion enhancement effect because the gap between the elastic moduli with and without heating 
stimulus is the largest among three different mixing ratios. For this reason, the mushroom-shaped pillars 
with the mixture ratio of 1:1 were adopted. Consequently, the adhesion strength of the mushroom-
shaped pillar with the designated mixing ratio was measured with respect to the paper and line-patterned 
substrates at the preload of 10kPa (figure 13). The pull-off strength under the adapted condition was 
significantly higher than the non-adapted condition. 
11 
 
Figure 12 Experimental curves of stress versus strain of the blend of e-PUA and PCL according to 
mixture ratio (e-PUA:PCL in legend box) and temperature (room temperature and 70 °C). 
 
 
Figure 13 Experimental measurement of pull-off strength for adapted and non-adapted conditions 
according to paper and line pattern the substrate. 
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The SEM & OM images and the experimentally measured pull-off strength of the mushroom-
shaped pillars made of the blend of e-PUA and PCL have been presented and confirmed adhesion 
enhancement phenomena in this chapter. The fabricated heat-responsive mushroom-shaped pillars 
exhibited the characteristics of conformal deformation along surfaces by heating (adaptation), 
solidification after deformation by cooling (fixation), and shape recovery by heating again. 
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3. Theoretical analysis: Adhesion enhancement mechanism 
To theoretically analyze the adhesion force according to the change in the elastic modulus, 
following two numerical calculations are required: 1) the adhesion-contact area relation formula and 2) 
contact area defined by the elastic modulus through the finite element method (FEM), which are 
introduced in chapter 3.1 and 3.2, respectively. Theoretical adhesion strengths and comparisons of 
analyzed theoretical results with previously obtained experimental measurements will be dealt with in 
chapter 3.3 and 3.4, respectively. The preliminary setup procedure of all conditions for the theoretical 
analyses is described in chapter 3.5.  
 
3.1. Theoretical backgrounds 
Johnson, Kendall, and Roberts formulated the JKR theory and the model of contact mechanics that 
describes the effects of contact pressure and adhesion with respect to contact area when two elastic 
spheres attached to each other. The JKR adhesion model is shown in figure 14 [47]. Among the various 
cases of JKR models, the description in Figure 14 is appropriate to apply to our adhesion system because 
the adhesive domain has a lower elastic modulus than the substrates domain in this study.  
 
Figure 14 Schematic representation of an elastic semi-sphere and a flat sheet in contact under a load P 
(left), along with an image of the contact area (right) [47]. 
 
The adhesion force formula of JKR model with spherical adhesive is given as [48, 49]: 
 𝐹 = √
8𝜋𝑎3𝐸𝑓𝑊
1− 𝜈2
 (1) 
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where a is the radius of contact area, Ef is Young’s modulus of adhesive in fixation state, W is the work 
of adhesion between the adhesive microstructure and the substrate, and ν is the Poisson’s ratio of 
adhesive. The work of adhesion W can be obtained by the geometric mean of dispersion and polar 
components of surface energy as follows [50]: 
 𝑊 = 2√𝛾1
𝑑𝛾2
𝑑 + 2√𝛾1
𝑝𝛾2
𝑝
 (2) 
where γd and γp are is dispersion and polar components of surface energy, respectively. The formula (1) 
is required to be modulated because the contact region of this study is not a perfect circle. A new 
parameter, contact area A can be expressed as  
 𝐴 = 𝜋𝑎2 (3) 
By the equation 3, the radius of the contact area a can be expressed as by the contact area A: 
 𝑎 = √
𝐴
𝜋
 (4) 
Consequently, equation 1 modulated by inserting equation 4 is given by: 
 𝐹 = √
8𝐸𝑓𝑊
1− 𝜈2
∙
𝐴0.75
𝜋0.25
 (5) 
This is the formula of theoretical adhesion force depending on Young’s modulus, the surface energy, 
Poisson’s ratio, and the contact area. Lastly, dividing the equation 5 by the area of a unit cell of the 
mushroom-shaped pillar array is required to obtain the final formula with a unit of Pa, which is the unit 
of experimental measurement of adhesion strengths. The final formula of the adhesion strength is 
expressed as: 
 
𝑃 =
𝐴0.75
𝜋0.25𝑟2
√
𝐸𝑓𝑊
24(1 − 𝜈2)
=
𝐴0.75
𝜋0.25𝑟2
√
𝐸𝑓(2√𝛾1
𝑑𝛾2
𝑑 + 2√𝛾1
𝑝𝛾2
𝑝)
24(1 − 𝜈2)
 
(6) 
This is the formula of pull-off strength where r is the radius of the main pillar. 
As indicated in equation 6, increasing the contact area (A) and elastic modulus (Ef) is critical for 
the adhesion enhancement. This verifies that the adaptation (maximizing the contact area by lowering 
the elastic modulus) and fixation (recovering the elastic modulus after the adaptation) procedure is the 
main mechanism to enhance the adhesion of the mushroom-shaped microstructures made of the shape-
reconfigurable polymer. 
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3.2 Finite element analysis 
This chapter aims to establish the relation equation between the contact area and the elastic 
modulus. The contact areas between the substrates (paper and line pattern) and the single mushroom-
shaped pillar with various elastic moduli were numerically analyzed using Abaqus. 
3.2.1 Contact area analysis on the paper substrate 
 The mushroom-shaped pillars with various Young’s modulus from 0.1 MPa to 500 MPa were set 
to contact with the paper substrate by the pressure of 10 kPa, as shown in figure 15. The scale bar refers 
to mechanical strain. The non-blue regions of the mushroom-shaped pillar indicate the deformed regions 
where mechanical strain exists. As shown in figure 15(a) – 15(e), it can be immediately seen that the 
contact area between the mushroom-shaped pillar and the paper substrate decreases as Young’s modulus 
increases. The calculated values of the contact area are 352.961 μm2, 60.648 μm2, 10.124 μm2, 2.36 
μm2, and 0.966 μm2 when Young’s modulus is 0.1 MPa, 1 MPa, 10 MPa, 100 MPa, and 500 MPa, 
respectively.  
 
 
(a) 0.1 
0.01 
(i) (ii) 
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0.01 
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(c) 0.1 
0.01 
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Figure 15 The FEA result on paper of mushroom-shaped pillar describing strain region when Young’s 
modulus is (a) 0.1 MPa (b) 1 MPa (c) 10 MPa (d) 100 MPa and (e) 500 MPa. (i) The left picture of each 
case shows the bottom of the pillar and (ii) the right picture shows a cross-section of the pillar. Scale 
bar indicates true strain. 
 
 
(d) 0.1 
0.01 
(i) (ii) 
(e) 0.1 
0.01 
(i) (ii) 
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Using the calculated contact areas, a relation between the contact area and the elastic modulus was 
defined with mathematical approximation fitting the power-law as described in figure 16. Young’s 
modulus in the x-axis is expressed as a common logarithms scale for high clarity and visibility.  
The equation of the approximation governing the relation between the contact area and the elastic 
modulus is given by:  
 𝐴 = 𝑝1𝐸
𝑝2 (7) 
where A is the contact area, E is Young’s modulus of adhesive in adaptation state, p1 is 60.61527 
and p2 is -0.76515. 
Based on the derived equation, the numerically predicted contact areas of the mushroom-shaped 
pillar made of predefined e-PUA/PCL blend (1:1 in mixing ratio) can be given by 89.604 μm2 and 1.013 
μm2 for thermally stimulated state (heating, 70 °C / Young’s modulus: 0.6 MPa) and original state 
(room temperature, 20 °C / Young’s modulus: 210 MPa), respectively. 
 
 
Figure 16 A graph describing the correlation between contact area versus Young’s modulus of the 
mushroom-shaped pillar when the substrate is paper.  
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3.2.2 Contact area analysis on the line pattern substrate 
The mushroom-shaped pillars with various Young’s modulus from 0.1 MPa to 500 MPa were set 
to contact with the line pattern substrate by the pressure of 10 kPa, as shown in figure 17. The overall 
tendency of the result is highly similar to that on the paper substrate. The contact area between the 
mushroom-shaped pillar and the line pattern substrate decreases as Young’s modulus increases. The 
calculated values of the contact area are 438.59 μm2, 229.921 μm2, 90.488 μm2, 17.336 μm2, and 3.3364 
μm2 when Young’s modulus was 0.1 MPa, 1 MPa, 10 MPa, 100 MPa, and 500 MPa, respectively. 
 
  
 
  
(a) 0.1 
0.05 
(i) (ii) 
(b) 0.1 
0.05 
(i) (ii) 
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Figure 17 The FEA result on the line pattern substrate of mushroom-shaped pillar describing strain 
region when Young’s modulus is (a) 0.1 MPa (b) 1 MPa (c) 10 MPa (d) 100 MPa and (e) 500 MPa. (i) 
The left picture of each case shows the bottom of the pillar and (ii) the right picture shows a cross-
section of the pillar. Scale bar indicates true strain. 
 
Again, the relation between the contact area of the mushroom-shaped pillar on the line pattern 
substrate and Young’s modulus was defined with mathematical approximation fitting, as shown in 
figure 18. Young’s modulus in the x-axis is expressed as a common logarithms scale. The equation of 
the approximation governing the relation between the contact area and the elastic modulus is given by:   
 𝐴 = 𝑙1𝐸
𝑙2 (8) 
where l1 is 203.35552 and l2 is -0.34183. 
Based on the derived equation, the numerically predicted contact areas of the mushroom-shaped 
pillar made of predefined e-PUA/PCL blend (1:1 in mixing ratio) can be given by 242.153 μm2 and 
32.693 μm2 for thermally stimulated state (heating, 70 °C / Young’s modulus: 0.6 MPa) and original 
state (room temperature, 20 °C / Young’s modulus: 210 MPa), respectively. 
 
(e) 0.1 
0.05 
(i) (ii) 
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Figure 18 A graph describing the correlation between contact area versus Young’s modulus of the 
mushroom-shaped pillar when the substrate is the line pattern surface. 
 
As shown in figure 16 and 18, the relations between contact areas of the mushroom-shaped pillar 
on the paper and the line pattern substrate have a little difference, even though the overall tendency 
coincides with each other. This difference mainly resulted from the geometrical characteristics of the 
two substrates. 
In the case of the paper substrate, there is no considerable change in contact area for Young’s 
modulus from 500 MPa to 10 MPa, whereas the contact area sharply increases for the elastic modulus 
in the range of 10 to 0.01 MPa. In contrast, in the case of the line pattern substrate, the contact area 
changes throughout the whole range of Young’s modulus. As a result, the contact area in the same 
Young’s modulus is generally higher than the paper substrate because the universal shape of the line 
pattern substrate is flatter than the shape of the paper substrate.  
Although there is a little difference in the graphs, the types of function for the approximation for 
the two cases are equivalent to the tendency of Young’s modulus-contact area relations. The only 
different thing is the coefficients of functions while the types of functions are the power-law function. 
For the paper substrate, the constant of power law p1 is relatively small and the absolute value of 
exponent p2 is relatively large. For the line pattern substrate, the constant of power law l1 is relatively 
large and the absolute value of exponent l2 is relatively small. 
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3.3 Theoretical adhesion strengths 
In the previous section, the contact areas according to the diverse Young’s moduli were 
numerically predicted by the finite element method and the contact area-elastic modulus relations were 
defined for the paper and line pattern substrates. Subsequently in this chapter, the theoretical adhesion 
force of the mushroom-shaped pillar made of the e-PUA/PCL blend according to the change of Young’s 
modulus and the contact area will be calculated and compared to the experimental adhesion force.  
The theoretical adhesion force can be calculated by inserting the work of adhesion, Poisson’s ratio, 
the radius of the pillar, elastic modulus and the numerically predicted contact area into equation 6. The 
values of work of adhesion obtained by equation 2 and table 2 (see chapter 3.5.1) are 81.2 mJ/m2 and 
42.66 mJ/m2 for the paper and line-patterned substrates, respectively. Theoretical values of Poisson’s 
ratio and radius of the pillar are clarified in chapter 3.5.1. As the measurement and calculation of the 
adhesion force assume that the e-PUA/PCL blend is in the modulus-recovered state after cooling for 
fixation, Young’s modulus for the equation 6 is 210MPa (figure 12). The resulting theoretical adhesion 
strength with respect to Young’s modulus for two different substrates are shown as graphs in figure 19.  
 
Figure 19 A graph describing the relation between theoretical adhesion strength versus Young’s 
modulus of the e-PUA/PCL blend for the paper and line pattern substrates. 
 
For both substrates, the relation showed a similar tendency with previously introduced relation 
between the contact area and Young’s modulus (figure 16 and 18) because the pull-off strength of the 
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mushroom-shaped microstructure to the substrates is mainly determined by the contact area (equation 
6 and figure 20). 
 
Figure 20 A graph describing the relation between theoretical adhesion strength versus the contact area 
for the paper and line pattern substrates, based on equation 6. 
 
Based on these results, it is theoretically verified that the main components of adhesion 
enhancement mechanism utilizing shape-reconfigurable polymer are 1) the increased contact area due 
to the reduced elastic modulus in the adaptation process and 2) the recovered elastic modulus in fixation 
procedure. 
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3.4 Comparison of theoretical results with experimental measurements 
The theoretical and experimental results of adhesion strengths of the mushroom-shaped pillar are 
compared, for both the paper and line pattern substrates in adapted and non-adapted states (figure 21 
and 22). In the case of the paper substrate, the theoretical and experimental pull-off strengths of the 
non-adapted mushroom-shaped pillar are 2.257 kPa and 1.926 kPa, whereas those of adapted ones are 
65.75 kPa and 71.05 kPa, respectively. For the line pattern substrate, the theoretical and experimental 
pull-off strengths of the non-adapted mushroom-shaped pillar are 22.26 kPa and 1.874 kPa, whereas 
those of adapted ones are 100.52 kPa and 124.73 kPa, respectively. The slight differences of adhesion 
strengths for the line pattern substrate result from the difference between the contact from FEA and 
mathematical approximation fitting. As the difference between the theoretical and experimental results 
is small, it is validated that the theoretical analysis of the adhesion enhancement mechanism in this 
research is reliable. It is proved that the shape-reconfigurable mushroom-shaped microstructure 
enhances the adhesion strength by the adaptation and the fixation processes with the aid of heat-
responsive modulus tunability. 
 
 
Figure 21 A graph describing the comparison between theoretical and experimental pull-off strength in 
adapted and non-adapted states for the paper substrate.  
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Figure 22 A graph describing the comparison between theoretical and experimental pull-off strength in 
adapted and non-adapted states for the line pattern substrate.  
     
In summary, the contact areas of the mushroom-shaped pillar according to the variation in the 
elastic modulus on the predefined substrates were calculated by FEA. By the results, the relations 
between the contact area and Young’s modulus were approximated the interaction formulas and graphs. 
Consequently, the relation between theoretical adhesion force and the elastic modulus was obtained by 
combining the JKR adhesion formula and FEA results. As stated in equation 6, the adhesion 
enhancement is mainly affected by Young’s modulus and the contact area. As these physical quantities 
can be modulated actively using the e-PUA/PCL blend, the adhesion enhancement through the 
conformal adaptation with heat-stimulation and following fixation with cooling was confirmed 
theoretically. High accordance between the experimental measurement and numerical prediction of the 
adhesion strengths also implied strong reliability of this study. 
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3.5 Condition setup for numerical analysis 
FEA was carried out for the calculation of the contact area of the mushroom-shaped pillar under 
mechanical loadings using general surface‐to‐surface contact interaction (Abaqus, Dassault Systèmes, 
France). The elastic and deformable microstructure models with different elastic moduli were modeled 
based on the theoretical values and experimentally-obtained mechanical properties. Detailed 
descriptions of material properties, modeling, boundary conditions, and mesh refinement are in the 
following sections. 
 
3.5.1 Material properties 
    Based on the stress-strain curve in figure 12, the mushroom-shaped pillar was assumed as a linear 
elastic material. For the domain of the mushroom-shaped pillar, three material properties of the e-
PUA/PCL blend, which are density, Young’s modulus, and Poisson’s ratio, were required for the 
numerical calculation. Young’s moduli of the blend of e-PUA and PCL was set variously, which are 0.1 
MPa, 1 MPa, 10 MPa, 100 MPa, and 500MPa. As the plastic deformation was not considered in this 
study, the properties related to plastic deformation such as yield stress or elongation at break were not 
considered. Poisson’s ratio of the blend was set by referencing the value of existing studies presenting 
the Poisson’s ratios of PUA and PCL respectively [51, 52]. The confirmed properties are listed in table 
1.  
 
Table 1. Material properties of the blend of e-PUA and PCL required for FEA. 
Density  Young’s modulus Poisson’s ratio 
1100 kg/m3 0.1, 1, 10, 100 and 500 MPa 0.45 
 
For the domain of the substrates including the paper and line pattern, the dispersion and polar 
components of the surface energy of materials including the e-PUA/PCL blend, paper and PUA were 
properly given by literature [53-56]. The properties are listed in table 2. 
Table 2. The dispersion and polar components of the surface energy of blend of e-PUA and PCL, paper 
and PUA. 
 e-PUA+PCL Paper PUA 
γd (mJ/m2) 33.65 47.3 5.7 
γp (mJ/m2) 4.95 0.1 11.3 
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3.5.2 Substrate and mushroom-shaped pillar 3D modeling 
    As representative substrates with a few micro-scale rough surfaces, the paper substrate, and the 
line pattern substrate were designated in this study. Before calculating the contact area of the mushroom-
shaped pillar, detailed modeling of substrates was conducted for following finite element analyses in 
Abaqus. As the paper has a random and complicated surface with micro-scaled wrinkles, the equipment 
named surface profiler that can measure surfaces of the paper was utilized for a reliable study. Three-
dimensional data of the substrate were measured and exported using the surface profiler. The 3D-
modeled substrate post-processed in Solidworks is presented in figure 23. As shown, the geometry of 
the paper substrate is highly complicated. The RMS of paper is about 18 μm. The line pattern substrate 
shown in figure 24 was directly modeled in Solidworks. The width, height, and fillet of the line pattern 
are 5 μm, 2 μm and 0.1 μm, respectively. The modeled substrates were then imported to Abaqus as the 
type of discrete rigid for subsequent finite element analyses.  
 
 
Figure 23 The paper substrate with micro-scale rough surfaces. (a) 3D model (b) cross-section line 
graph cut by the centerline of the substrate. 
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Figure 24 The line pattern substrate with micro-scale rough surfaces. (a) 3D model (b) cross-section 
line graph cut by the centerline of the substrate. 
 
The mushroom-shaped pillar was modeled directly in Abaqus due to its simple geometry as shown 
in figure 25(a). Detailed dimensions of the mushroom-shaped pillar are presented in figure 25(b). The 
radius, height of the main pillar, width, thickness of tip, and fillet radius are 10 μm, 30 μm, 3 μm, 1 μm, 
and 0.5 μm, respectively.  
 
 
Figure 25 (a) 3D model of the mushroom-shaped pillar (b) geometrical dimension of mushroom-shaped 
pillar: radius of 10 μm, height of 30 μm, tip width of 3 μm, tip thickness of 1 μm, and fillet radius of 
0.5 μm. 
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3.5.3 Boundary conditions 
    Boundary conditions of this FEA included the settlement of the substrate and the displacement of 
the mushroom-shaped pillar. The substrate settlement was conditioned by setting displacements in all 
directions to zero. Its boundary condition type in Abaqus is Symmetry/Antisymmetry/Encastre and the 
Encastre (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0) was selected. The displacement of the mushroom-
shaped pillar was conditioned by setting the displacement to zero in X and Z directions and to preset 
value in the Y direction. The boundary condition type of pillar upper part displacement was 
Displacement/Rotation. Two directions which are X and Z were set to 0 by checking U1 and U3 as 0 
and the magnitude of movement in the Y direction was set differently at every case. The magnitudes of 
displacement in the Y direction were set so that the pressure pushing the microstructure down became 
10 kPa for every case. Figure 26(a) and 26(b) describe that the boundary conditions were applied to 
paper and line pattern substrate, respectively. 
 
 
 
Figure 26 The boundary conditions of FEA analyzing the adhesion process. The mushroom-shaped 
pillar will approach to (a) the paper substrate (b) the line pattern substrate.  
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3.5.4 Mesh refinement 
    The mushroom-shaped pillar was designed to have hexahedral mesh in this study. The mesh size 
of the mushroom-shaped pillar is refined to be identical at every location excluding the fillet part for 
better convergence, as shown in Figure 27. The mesh size of the mushroom-shaped pillar except for the 
fillet part was determined to 0.5 μm, which was not too large or small value that leads to inaccurate 
calculation results or requirement for too many computing resources. The mesh size of the fillet part 
was determined to 0.25 μm for better convergence. The number of total nodes and elements of the 
mushroom-shaped pillar were 174580 and 165800, respectively. 
The mesh size of the substrate was set variously according to the location in order to reduce the 
calculation time by refining only on the contacted part. The mesh size of the top part of the substrate 
directly contacting the mushroom-shaped pillar was determined to 1 μm which was a little larger than 
the mesh size of the mushroom-shaped pillar, whereas that of other parts was determined to 5 μm, as 
shown in figure 28 and 29. The number of total nodes and elements of the paper substrate was 2872 and 
2870, respectively. The number of total nodes and elements of the line pattern substrate was 3861 and 
3870, respectively. The arbitrary Lagrangian-Eulerian (ALE) adaptive mesh controls were also applied 
in this FEA because the deformation of the mushroom-shaped pillar was quite large. 
 
 
Figure 27 The meshed mushroom-shaped pillar having the size of mesh as 0.5 μm except for fillet part 
having the size of mesh as 0.25 μm. (a) upper view (b) lower view. 
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Figure 28 The meshed paper substrate having the size of mesh as 1 μm at the top area and 5 μm at other 
parts. (a) upper view (b) lower view. 
 
 
 
Figure 29 The meshed line pattern substrate having the size of mesh as 1 μm at the top area and 5 μm 
at other parts. (a) upper view (b) lower view. 
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The mesh quality was also checked using the built-in module. Figure 30 shows the mesh quality 
of parts. Since the mesh design of the substrates was quite simple, the warning marks highlighted by 
the yellow color existed only in the mushroom-shaped pillar. The yellow marks are not fatal issues but 
exhibit some low-quality elements. There were 2131 numbers of low-quality elements accounting for 
1.285 % of total elements. All of them were in the fillet part. 
 
 
Figure 30 The picture after applying the Verify Mesh tool in Abaqus. There are some yellow marked 
low-quality elements. (a) whole view (b) zoom-in view. 
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4. Conclusion 
In this thesis, we proposed the mushroom-shaped microstructure composed of a heat-responsive 
e-PUA/PCL blend that is highly adaptable onto rough surfaces with the aid of the elastic modulus-
tunability. The adhesion enhancement mechanism was experimentally observed and theoretically 
analyzed. 
In the experimental results (chapter 2), the adaptability of the mushroom-shaped pillar made of the 
blend of e-PUA and PCL to rough surfaces including the paper and line pattern substrates was observed 
and confirmed using microscopies. Heat-induced shape-reconfiguration, change in Young’s modulus, 
and corresponding pull-off strength were also presented. The results indicated that the mushroom-
shaped pillar array significantly enhances adhesion due to the enlarged contact area by surface-
adaptation and fixation. 
In the theoretical background (chapter 3), the formula of adhesion force was firstly obtained from 
the JKR model theory. The adhesion force formula from literature was modified into the appropriate 
form to use the contact area as a parameter. Further modification of the formula was conducted for unit 
consistency with the experimentally obtained values of adhesion strengths. 
In the theoretical analysis (chapter 4), several preliminary setups were conducted to obtain correct 
results from the calculation in FEA. Firstly, the three-dimensional shapes of the mushroom-shaped pillar 
and two different substrates of paper and line patterns were modeled using a computer-aided design 
tool. Secondly, material properties such as density, the elastic modulus, and Poisson’s ratio of the e-
PUA/PCL blend were set. Especially, Young’s moduli were set with various values of 0.1 MPa, 1 MPa, 
10 MPa, 100 MPa, and 500 MPa to understand the relationship between the modulus and the contact 
area. Thirdly, boundary conditions including the position of the substrates and displacement of the 
mushroom-shaped pillar were established. Lastly, mesh refinement with proper shape and size for 
accurate and fast calculation was conducted. After all of these setup procedures, the structural 
deformation and corresponding change in contact area were numerically predicted. Consequently, the 
pull-off strength was calculated based on the previously built theoretical formula. 
As a result, it was found out that the pull-off strength of the adapted mushroom-shaped pillar is 
much higher than the non-adapted one was because the adaptation process maximizes contact area both 
on the paper (> 88.45 times higher than the non-adapted state) and the line pattern substrate (> 7.41 
times higher than non-adapted state). As the elastic modulus of the e-PUA/PCL blend is lowered to ~1 
MPa by heating, the mushroom-shaped pillar became in a state of complete adaptation onto the surfaces 
of the paper and the line pattern substrates. Due to the subsequent recovery of the elastic modulus to 
~200 MPa by cooling, the substrate-adapted mushroom-shaped pillar became in a state of fixation. In 
35 
conclusion, the adhesion enhancement mechanism has been investigated in this thesis by clarifying that 
adhesion of the mushroom-shaped pillar comprised of shape-reconfigurable polymer becomes stronger 
by two successive procedures, adaptation, and fixation. We believe that more versatile and smarter dry 
adhesives using stimuli-responsive material can be developed in the future through experimental and 
theoretical approaches and the result of the proposed study. 
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